ABSTRACT: The discovery of biocompatible reactions had a tremendous impact on chemical biology, allowing the study of numerous biological processes directly in complex systems. However, despite the fact that multiple biocompatible reactions have been developed in the past decade, very few work well in living mice. Here we report that D-cysteine and 2-cyanobenzothiazoles can selectively react with each other in vivo to generate a luciferin substrate for firefly luciferase. The success of this ″split luciferin″ ligation reaction has important implications for both in vivo imaging and biocompatible labeling strategies. First, the production of a luciferin substrate can be visualized in a live mouse by bioluminescence imaging (BLI) and furthermore allows interrogation of targeted tissues using a ″caged″ luciferin approach. We therefore applied this reaction to the real-time noninvasive imaging of apoptosis associated with caspase 3/7. Caspase-dependent release of free D-cysteine from the caspase 3/7 peptide substrate Asp-Glu-Val-Asp-D-Cys (DEVD-(D-Cys)) allowed selective reaction with 6-amino-2-cyanobenzothiazole (NH 2 -CBT) in vivo to form 6-amino-D-luciferin with subsequent light emission from luciferase. Importantly, this strategy was found to be superior to the commercially available DEVD-aminoluciferin substrate for imaging of caspase 3/7 activity. Moreover, the split luciferin approach enables the modular construction of bioluminogenic sensors, where either or both reaction partners could be caged to report on multiple biological events. Lastly, the luciferin ligation reaction is 3 orders of magnitude faster than Staudinger ligation, suggesting further applications for both bioluminescence and specific molecular targeting in vivo.
I n the past decade many biocompatible ″click″ reactions have been developed and used to study various biological processes in cells and animals. 1 However, only a fraction of these reactions do not require the use of toxic metal catalysts and thus can be used in living cells. These ″biocompatible″ transformations include copper-free cyclooctyne-type cycloaddition, 2−7 Staudinger ligation, 8−15 alkene-tetrazine reactions, 16−21 and recently reported Pictet-Spengler ligation. 22 Even though studies of various biological processes on the level of live cells have tremendously advanced our understanding of many human pathologies, their great complexity requires tools that allow studies of biochemical processes on the level of the whole organism. Since multiple animal models of various human pathologies have been successfully established, 23−28 development of new biocompatible reactions applicable for studies of biological processes on the level of the whole animal can play a crucial role in biology and medical research. When the complexity of the system increases from living cells, grown in a Petri dish, to a living animal, many more requirements come into play for successful biocompatible reactions to occur. First, the two components now have to react with each other in the presence of a much more complex biological environment with many more additional active substances, in comparison to the ones found in the cell culture media. Moreover, the organism of a living animal represents a dynamic system, where the reagents could be quickly metabolized by various organs or simply cleared from the circulation before they are able to react. In addition, the reagents and the products of the reaction should be nontoxic to a wide variety of different cells and tissues.
As a result of all these complex requirements, only the Staudinger ligation has been shown to work efficiently in living mice because its reagents possess favorable pharmacokinetics, low toxicity, and the absence of nonspecific binding with other biomolecules in the organism.
1,5,9,11,12,29 Besides its numerous applications in cells, this biocompatible reaction has been previously used for metabolic labeling and imaging of glycans. 9, 11, 30, 31 More recently, [4 + 2] tetrazine/trans-cyclooctene cycloaddition has also been shown to work in living mice, albeit with the requirement that the tetrazine reagent is bound to a polymeric support to improve its pharmacokinetic properties. 21 New biocompatible reactions are therefore needed for use in mouse models of human diseases. One reaction of interest is that of D-cysteine with 6-hydroxy-2-cyanobenzothiazole (OH-CBT), first reported by White and co-workers half a century ago as the final step in the synthesis of D-luciferin. 32 More recently, other groups have reported applications of this reaction for the selective labeling of proteins on N-terminal cysteines 33, 34 as well as the controlled assembly of polymers in physiological solutions and living cells. 35, 36 Notably, the rate of this reaction has been reported to be 3 orders of magnitude faster than Staudinger ligation. 34 Yet, to date this reaction has never been employed in live mice.
The reaction between D-cysteine and CBTs can yield substrates for firefly luciferase and thus has huge potential for use in conjunction with bioluminescence imaging (BLI), the most sensitive in vivo imaging technique currently available in living animals to date. 37−39 Historically, BLI has been used to track luciferase-expressing cells in vivo 40 as well as for the visualization of transcriptional activation in live animals. 40 More recent applications of BLI include probing of molecular signatures of target tissues through the use of caged small molecule luciferin substrates, which are only uncaged by the activity of specific biological molecules. The underlying principle in the design of all of these caged luciferin substrates is based on the fact that luciferins caged on the phenolic oxygen or aryl nitrogen are not capable of light emission. 29,41−43 This concept was used by others for the design of probes to sense enzymatic activities directly in living animals such as those of β-galactosidase, 43 caspases, 44−48 furin, 49 and β-lactamases.
50
Previously we successfully used this approach for real-time imaging and quantification of fatty acids uptake, 41 cell surface glycosylation, 29 hydrogen peroxide fluxes, 42 as well as studies of efficiency of delivery, linker release, and biodistribution of cellpenetrating peptide conjugates. 51 In addtion, we and others recently reported preparation of new red-shifted luciferin derivatives and their corresponding luciferase enzymes for multicolor application of this powerful imaging modality.
52−55
Here we report that the reaction between D-cysteine and CBTs can efficiently generate luciferins in live cells and in living mice. This "split luciferin" ligation reaction is therefore highly significant for in vivo imaging and shows great promise for in vivo biocompatible labeling. One of the advantages of this approach is better cell penetration properties of CBT derivatives in comparison to full luciferin scaffolds. In addition, CBT derivatives are much easier to synthesize because they possess significantly higher reactivity and stability in comparison to luciferins, 51,56−58 which are known to be sensitive to light, pH, and oxygen. 59, 60 Moreover, since both CBT and Dcysteine moieties can be modified with different caging groups, this split luciferin ligation can facilitate the simultaneous detection of multiple events in vivo. For example, the hydroxy or amino group on a CBTs can be caged as a sensor for various biomolecules, as previously described for whole luciferin scaffolds. 29,41−50 At the same time, the amine group on the D-cysteine moiety can be caged as a substrate for proteases including caspases, 44−48 thrombin, 47, 61 prostate specific antigen, 62, 63 and many others that are known to cleave after defined peptide sequences. 47, 64 Finally, the rapid and robust formation of luciferins in live cells and tissues of living mice suggests that the split luciferin ligation reaction can also be more generally used as an in vivo labeling strategy. The rate of reaction is 3 orders of magnitude faster than Staudinger ligation, and the chemistry is compatible with all the classical biocompatible reactions, which involve either azide, alkyne, triphenylphosphine, or tetrazine moieties.
1−21 Thus, we anticipate that this reaction can be used in tandem with existing biocompatible reactions to study even more complex biological processes simultaneously in living cells or animals.
■ RESULTS AND DISCUSSION
In Vitro Formation of D-Luciferin and D-Aminoluciferin in Physiological Solutions. Since the products of all of the previously reported reactions between CBT and cysteine derivatives contained luciferin-like structures, we first investigated whether OH-CBT and NH 2 -CBT could form their respective luciferins directly in a biocompatible environment (Figure 1a) . Thus, we incubated NH 2 -CBT in buffer containing luciferase and compared the production of light resulting from the NH 2 -CBT itself versus additions of either D-or L-cysteine. Importantly, the signal produced from the sample that had both NH 2 -CBT and D-cysteine was 10-fold higher than the signals obtained from the samples containing either NH 2 -CBT alone or NH 2 -CBT plus L-cysteine (Supplementary Figure S1a) . We further incubated these reagents in PBS buffer and observed formation of corresponding D-luciferin and D-aminoluciferin using high performance liquid chromatography (HPLC), confirmed by high resolution mass spectrometry (HRMS) (Supplementary Figure S1b,c) . These results indicate formation of D-luciferin analogues in physiological buffers, which could directly produce photons of light in the presence of firefly luciferase enzyme.
Kinetic Studies of the Reaction between CBT Derivatives and Cysteine. We next studied the rate of the reaction between CBT derivatives and cysteine under pseudofirst-order conditions, using a standard HPLC assay (Supporting Information). 35 The rate constants for the reactions of OH-CBT and NH 2 -CBT with L-cysteine were 3.2 and 2.6 M −1 s −1 , respectively, which is 3 orders of magnitude faster than those reported for the Staudinger ligation. 8, 10, 13, 15 We further compared these reaction rates to that of a previously reported N-succinamidyl CBT derivative 34 (compound 1, Supplementary Table S1 and Figures S2−4) . Under our assay conditions, the rate constant for this compound was 7
, which is in relative agreement with the previously published value of 9.1
. 34 The lower reaction rate of NH 2 -CBT compared to its less electron-donating succinamide derivative is consistent with mesomeric effects on the reactivity of the nitrile. Thus, we expect that the rate of this reaction with CBT derivatives can be further modulated by the introduction of electron-donating or electron-withdrawing ring substituents and that other electrophilic nitriles can be suitable reaction partners. 65 More detailed investigations into the kinetics of the reaction studies between different CBT derivatives and 1,2-aminothiols are currently ongoing in our laboratories.
Real Time Noninvasive Imaging and Quantification of the Split Luciferin Ligation Reaction in Living Cells. We next investigated whether OH-CBT and NH 2 -CBT could form their respective luciferins directly in live cells (Figure 1 ). Thus, ovarian and breast cancer cells, stably transfected with firefly luciferase (SKOV3-luc-D3 and MDA-MB-231-Luc-D3H2LN), were treated with OH-CBT or NH 2 -CBT, followed by imaging with a cooled CCD camera. Consistent with the in vitro cellfree results, treatment with either CBT derivative or D-cysteine alone produced only a baseline level of signal. The lack of signal from CBT-treated cells could be explained by the fact that its reaction with natural L-cysteine in the cell would result in the formation of L-luciferin, a compound that does not produce light in the presence of luciferase (Figure 1 , Supplementary  Figures S5 and S6) . 66 Similarly, cells treated with equimolar amounts of both OH-CBT and L-cysteine produced the same background signal as cells treated with OH-CBT alone. In contrast, cells treated with either D-luciferin or D-aminoluciferin produced robust signal that was significantly higher than background ( Figure 1, Supplementary Figures S5 and S6) .
We next incubated cells with equimolar solutions of OH-CBT or NH 2 (Figure 1 ). Similarly, a 7-fold enhancement was obtained when the same experiment was repeated in live breast cancer cells (Supplementary Figure S6) . The signal produced from the two luciferin precursors was concentrationdependent in both cell lines and increased when increasing amounts of each CBT and D-cysteine were added to cells (Supplementary Figures S5 and S6 ).
This interesting phenomenon could potentially be explained by differences in cell permeability: CBTs and D-cysteine may have better cell permeability than that of D-luciferin itself. In fact, it was previously reported that D-luciferins have suboptimal penetration properties, which can be improved by making their structures more lipophilic. 52, 53 We speculated that if the hypothesis that the precursors of luciferin possess higher cell penetration abilities is true, a big portion of the reaction should be happening inside the cell. In order to see if this is really the case, we performed an experiment in which the cells were preincubated with one of the reagents, followed by washing. Robust signal was observed in both cases, with higher signal being produced when the cells were first preincubated with D-cysteine, followed by extensive washing and subsequent addition of a CBT ( Lastly, a robust concentration-dependent increase in signal was observed when the cells were treated with increasing amounts of D-cysteine, while the concentration of CBT was kept constant. Importantly, this increase was not due to changes in luciferase activity as no increase in signal production was observed when the control cells were incubated with Dluciferin and increasing concentrations of D-cysteine (Supplementary Figures S7 and S8) .
Together, these data suggest that both reagents might have much higher permeation abilities than that of D-luciferin alone or higher stability in physiological environment, which is supported by a significant increase in signal after equimolar addition of the two precursors in comparison to full luciferin controls ( Figure 1 , Supplementary Figure S5 and S6). Indeed, CBT derivatives are more hydrophobic than luciferins due to lack of carboxylic acid moiety, which could explain their better diffusion through the cell membranes. Moreover, while no specific transporters are known to facilitate penetration of luciferins, D-cysteine could still be a substrate for cysteine transporters, responsible for the uptake of L-cysteine by mammalian cells. 67−70 In addition, better stability of the split luciferin ligation reagents in comparison to that of luciferins 51 ,56−60 may also play a significant role in increased light output from live cells.
Such excellent signal to background ratio makes this reaction ideal for bioluminescence imaging applications. 36−38 Moreover, the fact that significantly more light was observed from the addition of the two luciferin precursors in comparison to already preformed D-luciferin presents an opportunity for even more sensitive imaging of many biological processes in live cells.
Real Time Noninvasive Imaging and Quantification of Split Luciferin Ligation Reaction in Living Animals. Inspired by exciting data from live cell assays, we next asked whether both of the luciferin precursors can react directly in living animals to form their respective luciferins ( Figure 2 ). In order to be able to visualize the product of the reaction noninvasively in real-time, we used transgenic animals that ubiquitously express luciferase in every cell under the control of the β-actin promoter (FVB-luc+ mice).
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We first injected the mice with either OH-or NH 2 (Figure 2b) . Notably, the signal produced from the animals injected with D-cysteine and NH 2 -CBT was 2.4 times higher than the signal from the corresponding OH-CBT precursor (Figure 2c ), which is consistent with previously reported data for relative light output between D-aminoluciferin and D-luciferin. 37, 53, 56, 73 Significantly, the split luciferin ligation reagents appear to possess desirable pharmacokinetic properties, supported by the fact that robust signal is observed throughout the body of the living animal shortly after injection of both reagents (Figure 2c ).
Optimization Studies of Split Luciferin Ligation Reaction in Living Mice. The total light output produced by the animals injected with D-cysteine and equimolar amounts of OH-CBT and NH 2 -CBT was 10% and 17%, respectively, of the overall signal obtained from the D-luciferin injected control group (Figure 2) . Interestingly, the opposite trend was observed in cells where the split luciferin reagents produced several fold more light than the corresponding preformed Dluciferin derivatives (Figure 1b,c, Supplementary Figures S5 and  S6 ). This change in the ratio of signal production between live animals and tissue culture cells could be due to reaction with free L-cysteine or N-terminal cysteine residues on proteins, binding to serum proteins, or metabolism in the liver.
Since the experiments in cells demonstrated that increased concentration of D-cysteine led to a significant increase in the overall signal production (Figure 1b,c, Supplementary Figures  S5 and S6) , we decided to inject the animals with one equivalent of OH-CBT or NH 2 -CBT, followed by injection with 10 equiv of D-cysteine. The resulting signal was compared with the light output from injection of a 1:1 ratio of both reagents and increased by 7-and 6-fold for OH-CBT and NH 2 -CBT, respectively (Figure 2c,d) . Importantly, the total light output from the animals injected with a 1:10 ratio of OH-CBT and D-cysteine produced half of the signal obtained from the Dluciferin control group. Moreover, animals injected with a 1:10 ratio of NH 2 -CBT and D-cysteine produced an amount of light equivalent to that of the mice injected with the D-luciferin compound (Figure 2c,d ). This effect of significant signal enhancement as a result of increased concentrations of Dcysteine was consistent with what was previously observed in cell culture experiments (Figure 1b,c, Supplementary Figures  S5 and S6) . Interestingly, when the animals were injected with 1 equiv of D-cysteine and 10 equiv of either OH-or NH 2 -CBT, significant light enhancement was observed only in case of OH-CBT when compared to equimolar amounts of both the reagents. This observation could be explained by the fact that OH-or NH 2 -CBT compounds might have different pharmacokinetic properties when compared directly in living animals.
Comparative Studies of Signal Stability of Split Luciferin Ligation Reaction and D-Luciferin. D-Luciferin, when injected IP, typically produces a sharp peak at around 15 min postinjection with about 3-to 4-fold increase in intensity of the signal, followed by the sudden drop. 74, 75 This rapid change in the intensity of the signal observed from D-luciferin injection in animals has been recognized as a real problem in the BLI field for application of this important modality for reliable imaging and quantification of various biological processes. 73, 74, 76 For example, BLI has been widely used to quantify the size of the tumor burden in xenograft models, in which animals are injected with luciferase-transfected human cancer cells. 77, 78 This animal model, in combination with BLI, has been one of the major tools in drug discovery for screening of anticancer drugs in animals. 79, 80 However, since the signal from injected luciferin changes significantly over time, 73, 75, 76 it can be difficult to assess the exact size of the tumor, as the timing of injection and duration of the imaging session can introduce significant errors. Presently, stabilization of the signal from D-luciferin is even more urgent as new 3D imaging BLI technologies become routine and require longer imaging times. 81, 82 Several attempts have been reported to address the problem of D-luciferin signal variability. They include usage of expensive implantable osmotic pumps 73 and repeated substrate injections into the live animals. 75 However, suboptimal results were obtained in both cases, leading to development of new chemically modified D-luciferins, which allow stabilization of the signal. Contag and co-workers have reported the synthesis of a glycine-D-aminoluciferin conjugate, which produced a much more stable signal in comparison to that of D-luciferin alone, although the intensity of the signal was 20−30 times lower than those of D-luciferin or D-aminoluciferin substrates. 75 Similarly, the Denmeade group reported the synthesis of PEGylated luciferin derivatives that result in more stable and prolonged light production from D-luciferin, albeit with a significant reduction in overall light output ( The signal from D-luciferin increased by 200% in the first 15 min to reach the maximum value, followed by 60% decrease from the peak by the 60 min postinjection time point, which comprised a significant change in such a short period of time (Figure 2b) . However, the signal from OH-CBT increased by only 30% in the first 15 min followed by 40% decrease from the peak by the 60 min postinjection time point, producing much smaller variability in overall signal. In addition, the light output could be dramatically enhanced by injection of increased amounts of D-cysteine or CBT without significant loss in signal stability (Figure 2c, Supplementary Figure S9) . Therefore, the new in vivo ligation reaction between CBTs and D-cysteine achieved remarkable stabilization of the signal without any extensive synthetic manipulations (Table 1) . Since both CBTs and D-cysteine are commercially available and are several times cheaper than even unmodified D-luciferin itself, this technology offers a simple and powerful tool to overcome existing problems with signal variability from D-luciferins and might be of high potential for the novel 3D imaging applications in the field.
In Vitro Imaging of Activity of Thrombin and Caspase 3 Proteases. Since caged D-luciferin scaffolds have been previously used to quantify and visualize activity of various proteases in living cells and animals, 44−48,56,83−85 we wanted to determine if the in vivo reaction between CBTs and D-cysteine can expand or improve this exciting set of tools. The structure of D-cysteine suits itself perfectly for being caged as a substrate for proteases by simply introducing it on to the end of a protease-specific sequence (Supplementary Movie S1). Importantly, multiple essential mammalian and bacterial proteases are known to cleave after specific N-terminal amino acid sequences. 34,40,86−89 While the synthesis of short peptides is cheap and can be readily performed with the help of the automated peptide synthesizers, 90 ,91 the synthesis of fully caged luciferin scaffolds involves much more complex and low yielding synthetic procedures. The production of caged luciferins is further complicated by the fact that only a few reactions have been reported to work on the full luciferin scaffold. They include TFA deprotection, 56 hydrogenation, 57 and the formation of a carbonate from the phenolic oxygen. 51, 58 Moreover, luciferins are known to be inherently more sensitive to light, base, and oxidation. 59, 60 This greatly limits the production of a broad variety of caged luciferin scaffolds as bioluminescent sensors. Thus, despite many protease-specific sequences known today, very few of them have been used for BLI in the context of caged luciferins 47 ,56,93−95 and even fewer of them are commercially available. 47 Since CBTs and cysteine derivatives are easier to manipulate and possess higher intrinsic stabilities to light and pH, 47, 51, [56] [57] [58] [59] [60] 64 we reasoned that the use of these precursors might circumvent the significant synthetic challenges posed by caged luciferin scaffolds and therefore significantly expand their applications.
To test the viability of this approach, we choose to work with caspase 3 as well as thrombin protease, which all play important roles in several human pathologies.
96−99 Activation of both caspase 3 and 7 is directly connected to apoptosis, 99 ,100 which plays a key role in many human pathologies such as cancer and atrophy. 96, 97 It has been previously reported that DEVDcontaining peptides (Asp-Glu-Val-Asp) are selective substrates for caspase 3/7, with cleavage occurring after the second aspartic acid. A bioluminogenic caspase 3/7 sensor is commercially available, in which aminoluciferin has been introduced at the C-terminus of the DEVD peptide and routinely used to detect general apoptosis activities. 47, 56 Thrombin is another example of clinically relevant protease that plays a key role in many blood coagulation-related reactions that prevent a variety of mammalian organisms from extensive blood loss. 101, 102 A thrombin-selective peptide sequence has been previously identified (Gly-Gly-Arg) and utilized in multiple in vitro tests to assess activity of the protease. 103, 104 Since both caspases 3 and thrombin are known to cleave at the C-terminal end of their corresponding protease-specific sequence of amino acids, we performed the synthesis of these peptides with the addition of D-cysteine at the C-terminal end to yield L-(Asp-Glu-Val-Asp)-D-Cys (DEVD-(D-Cys)) and L-(Gly-Gly-Arg)-D-Cys (GGR-(D-Cys)), respectively. These peptides were then incubated with increasing concentrations of their corresponding proteases, followed by addition of CBT and luciferase buffers. If the protease were active and could recognize its specific peptide sequence, free D-cysteine would be produced in the course of the reaction. Therefore, addition of CBT and luciferase enzyme would consequently result in significant light production, with more light output from the samples with higher concentration of proteases (Figure 3a It was encouraging to see that strong bioluminescent signals were indeed observed in all samples of protease-specific peptides incubated with their corresponding proteases and that the signal increased with increasing concentration of protease (Figure 3a-b, Supplementary Figures S10 and S11) . For example, concentration-dependent signal was observed when DEVD-(D-Cys) peptide was incubated with increasing amounts of caspase 3 and subsequently treated with NH 2 -CBTcontaining luciferase buffer. Importantly, the overall signal produced from DEVD-(D-Cys) peptide incubated with caspase 3 reached 50% of the light output of the signal from the equimolar solution of free D-cysteine control. This experiment shows that DEVD-(D-Cys) peptide remains a good substrate for caspase 3 even upon addition of a D-cysteine amino acid at the C-terminus of the protease-specific sequence (Figure 3b , Supplementary Figure S10 ). Similar results were obtained when D-cysteine was caged with the thrombin-selective peptide GGR. A 4-fold increase in BLI signal over background was observed when the GGR-(D-Cys) peptide was incubated with thrombin protease followed by addition of NH 2 -CBT, and the signal was protease concentration dependent (Supplementary Figure S11) . The outcome of this in vitro cell-free experiments demonstrate the feasibility of using a combination of short D-cysteine-caged amino acid sequences with CBTs to study the activity of proteases using bioluminescence.
Real Time Noninvasive Imaging of Caspase 3/7 Activities in Living Animals. Having already established that the luciferin ligation reaction works efficiently in living transgenic reporter animals, we next tested the ability of this approach to quantify the activity of caspase 3/7 in live mice ( Figure 3 , Supplementary Movie S1). We focused on caspase 3/7 because a well-characterized mouse model of caspase 3/7 activation was previously reported by Promega with a commercially available DEVD-aminoluciferin substrate ( Figure  3a) . 47, 48 In that study, the activity of caspase 3/7 was induced in the liver of FVB-luc+ mice by injecting the animals with lipopolysaccharide (LPS) and D-galactosamine (d-GalN), followed by injection of the DEVD-aminoluciferin substrate and detection of the resulting light production with a CCD camera (Figure 3a) . 48 We repeated this previously reported experiment using the same animals and DEVD-aminoluciferin substrate as a positive control. FVB-luc+ mice were divided into four groups out of which two were injected with equal amounts of d-GalN and LPS followed by either injection of commercial DEVDaminoluciferin or combination of our DEVD-(D-Cys) peptide and NH 2 -CBT. The other two control groups were injected with PBS and combination of the same imaging reagents. The signals from each d-GalN/LPS treated group were compared to each other and their corresponding PBS controls. The data shown in Figure 3c ,d and Supplementary Figure  S12 indicate that much greater signal was obtained from the two groups of animals treated with d-GalN/LPS in comparison to the control group, treated with PBS. The ratio in average signal we observed between the d-GalN/LPS-treated and control groups of mice injected with commercially available substrate was about 3-fold, which was similar to that previously reported 48 and statistically significant (P value: 0.00067, Figure  3c , Supplementary Figure S12a) .
At the same time, the ratio between the signals produced from d-GalN/LPS-treated and control groups of mice, injected with combination of DEVD-(D-Cys) peptide and NH 2 -CBT, was about 5.2-fold, higher than that of the commercial DEVDaminoluciferin substrate. Importantly, this difference was also statistically significant (P value: 0.00258, Figure 3c , Supplementary Figure S12b ). This exciting result could be explained increased efficiency of proteolytic cleavage when it has to cleave between two amino acids, a process happening in nature all the time. However, when the protease has to cleave between the protease-specific sequence and another non-amino acid type of molecule such as aminoluciferin, its efficiency might decrease, even when compared with the cleavage at a D-amino acid.
Inspired by the very positive results in the hepatic model of apoptosis, we next tested whether this method could be widely applied for studies of caspase 3 and 7 activities in other animal models of apoptosis. For that we decided to use xenograft animal models, in which human cancer cells were implanted in immune-deficient mice.
In order to establish a successful animal model, we first tested combinations of several cancer cell lines with different regimens of docetaxel and cisplatin, two commonly used anticancer drugs for treatment of many different type of human cancers. 105−110 Conditions where a majority of cells started to undergo apoptosis upon exposure to the drug were identified for SKOV3-luc-D3 ovarian cancer cells and docetaxel, a drug that has previously been reported to induce apoptosis in this particular cell line (Supplementary Figure S13) . 111 Therefore, this cell line, stably transfected with luciferase, was implanted subcutaneously in nude mice, and the tumors were allowed to establish for 6 to 8 weeks.
The animals were then divided in 5 groups (Supplementary Figure S14a) : two groups injected with commercial DEVDaminoluciferin substrate with and without docetaxel treatment, two groups that were injected with a combination of DEVD-(DCys) peptide and NH 2 -CBT with and without docetaxel treatment, as well as a control group injected with docetaxel and NH 2 -CBT alone. To calibrate for the difference in the tumor size, all animals were injected with D-luciferin prior and after the treatment with docetaxel or vehicle alone.
The results from the xenograft animal models, in which apoptosis was induced by treatment with docetaxel anticancer drug, were consistent with the ones obtained in hepatic model of apoptosis (P value: 0.00646, Supplementary Figure S14b) . However, no significant signal to background ratio was observed from the groups of the animals treated with docetaxel and corresponding vehicle followed by injection of commercial DEVD-aminoluciferin substrate (P value: 0.79641). At the same time, a 2-fold increase in signal was observed in mice treated with docetaxel in comparison to the vehicle, followed by imaging with combination of DEVD-(D-Cys) peptide and NH 2 -CBT (Supplementary Figure S14b) .
Together, these results confirm that the combination of Dcysteine caged peptide sequences and CBTs represents a valuable tool for quantification and imaging of protease activity directly in living animals (Supplementary Movie S1). Since BLI is the most sensitive in vivo imaging modality known to date, this tool can be used for screening of activity of multiple proteases as well as identification of their new peptide-specific substrates. Even though we only demonstrated the viability of the split luciferin approach for imaging and quantification of caspase 3/7 activity, many other proteases could be immediately studied using this technique. The examples of such proteases and their specific amino acid sequences include caspase 2 (VDVAD), caspase 6 (VEID), caspase 8 (LETD) and capase 9 (LHTD), caspase 12 (ATAD), dipeptidyl peptidase 4 (GP and VP), and tryptase (PRNK). 34,40,56,86−88 Moreover, this method could also be applied for studies of a wide variety of bacterial, viral, and parasite proteases that are essential for the replication and the spread of infectious diseases. 89 Examples of these proteases include SARS protease (TSAVLQ), caspaselike (nLPnLD), and trypsin-like (LRR) activity of proteasome. 40,86−88 All of these proteases play a very important role in multiple biological processes and are known to cleave at the end of corresponding specific amino acid sequences. On the basis of our new results, this property makes all of them ideal candidates for imaging and quantification of their activities in animal models of disease using the split luciferin approach.
Concluding Remarks. Studies of many biological processes on the level of live cells with the help of biocompatible reactions has tremendously advanced our understanding of basic biology. 1 However, the great complexity of many human pathologies such as cancer, diabetes, and neurodegenerative diseases requires new tools that would allow studies of biological process on the level of the whole organism. We have found that D-cysteine and CBTs can efficiently react with each other in living cells (Figure 1 ) and live animals (Figures 2 and 3 ). This feature makes this reaction very valuable for studies of complex biological processes, because it can be used in tandem with previously known biocompatible reactions. This could be particularly useful in mice, where no applications of biocompatible reactions for studies of several simultaneous events are currently reported, mainly due to the fact that only Staudinger ligation has been shown to work efficiently. 1, 5 Moreover, the kinetics of this new in vivo split luciferin ligation reaction is 3 orders of magnitude higher than that of Staudinger ligation, opening a wide range of opportunities to use this reaction for studies of fast biological processes that were not feasible before with Staudinger ligation (Supplementary Table S1 ).
In addition, this split luciferin ligation reaction possesses several other unique features that make it highly useful for a vast variety of exciting biological applications. The two reagents can be specially adapted for bioluminescence imaging, the most sensitive imaging modality known in living animals to date (Figures 1 and 2, Supplemetary Figure S1 ). 37−39 Since caging of D-cysteine can be combined with caging of amino or hydroxy groups on the CBT moiety, this reaction represents a powerful tool where two or more biological processes can be imaged at once directly in living mice just with this reaction alone ( Figure  4) . Previously, several probes based on the full luciferin scaffold have been reported for sensitive imaging of multiple biomolecules in live animals, providing a basis for the development of dual imaging approaches. 42, 43, 46, 49, 50, 83 Remarkably, in cells the signal produced by the split luciferin reagents was several fold higher than the signal from equimolar amounts of already preformed D-luciferin and D-aminoluciferin (Figure 1 ), providing opportunities for more sensitive imaging of biological processes.
Furthermore, the chemistry of the reagents of this new in vivo reaction is well suited for development of novel applications. One of them is real-time imaging of protease activity directly in living animals. In this report, we demonstrate a successful application of this technology for real time noninvasive imaging of caspase 3/7 protease activity in hepatic apoptosis animal models ( Figure 3 ) as well as in tumor xenografts upon treatment with docetaxel (Supplementary Figure S14) . When compared to the commercially available DEVD-aminoluciferin substrate, 1, 5, 42, 43, 46, 49, 50, 63 the split luciferin ligation reagents had significantly higher signal to background ratio, demonstrating high potential of this new method for sensitive imaging of apoptosis. We further confirmed the applicability of this novel tool for noninvasive studies of activity of other proteases by successfully using this reaction to quantify the activity of thrombin in vitro (Supplementary Figure S11 , Movie S1).
Even though in this report we have only demonstrated in vivo applicability of this new method to quantify and visualize activity of caspase 3/7 protease, the same technique could be used to study activities of other proteases that can use peptide sequences on the N-terminal to the cleavage site, 50,86−89 as well as identify new protease specific peptides associated with various human pathologies. It is noteworthy that the synthesis of short peptide sequences with C-terminal D-cysteine can be easily performed with the help of automated peptide synthesis, which is a widely available and versatile technique. 90, 91 In addition to the new application of the luciferin ligation reaction for imaging activity of biologically relevant molecules, this approach helps remedy an important problem in the BLI field, which is signal instability from D-luciferin and Daminoluciferin probes. Several-fold signal variation over short period of time from these two most commonly used reagents causes introduction of significant errors for quantification of tumor size or amount of transcriptional activation. 67, 69, 70 The use of luciferin ligation reaction in animals results in major signal stabilization (30% vs 200% in signal variation in the first 15 min postinjection) without the use of any specially synthesized expensive reagents or implanted osmotic pumps (Figure 2b) . 67, 69, 70 In addition, the intensity of the light output resulting from split luciferin ligation reaction could be significantly increased by injection of higher concentration of D-cysteine (Figure 2, Supplementary Figure S9) .
All together, these results demonstrate high potential of this new in vivo ligation strategy for the field of chemical biology and medical research. More applications of this exciting technology for noninvasive imaging of biological process are currently being explored in our laboratories. Some of these reagents are already being commercialized by Intrace Medical, Switzerland.
■ METHODS
General Material and Methods. Caged D-cysteine peptides DEVD-(D-Cys) and GGR-(D-Cys) peptides were custom-made by Protein and Peptide Chemistry Facility (PPCF)−UNIL (University of Lausanne, Switzerland). N-Succinamidyl-CBT derivative (compound 1) was synthesized according to the reported procedure. 35 The rest of the chemicals used in the study were obtained from the following commercial sources and used without further purification. D-Cysteine and NH 2 -CBT were purchased from Sigma-Aldrich. L-Cysteine was purchased from Alfa Aesar and OH-CBT was from ABCR GmbH. Luciferase and thrombin protease were purchased from Sigma-Aldrich, ATP was purchased from AppliChem GmbH, and caspase 3 was kindly provided by Dr. Salvesen at Stanford-Burnham Medical Research Institute, CA. 112 Phosphate buffered saline (PBS) was purchased from Life Technologies Corporation. HPLC analysis was performed on Agilent Infinity 1260 HPLC system with either an Agilent Eclipse-XDB-C18 5 μm 4.6 × 250 mm column or Agilent Poroshell 120 EC-C18 2.7 μm 4.6 × 75 mm column using degassed HPLC gradient grade solvent from Fisher Chemicals and Millipore water. The products of the reaction were initially analyzed by Agilent 6120 Quadrupole LC−MS system from Agilent, directly connected to the HPLC. More detailed HRESI-MS measurements were conducted at the EPFL ISIC Mass Spectrometry Service using Micro Mass QTOF Ultima from Waters Corp. Millipore water was used for sample preparation of all in vitro, cellular, and animal assays. Only HPLC grade organic solvents were used for all in vitro and cellular biological assays and were obtained from Fisher Chemicals. Luciferase buffer used to quantify the amount of luciferin formed during incubation was prepared as following: 60 μg mL −1 luciferase (Sigma Aldrich) in 0.1 M Tris-HCl pH = 7.4, 2 mM ATP, and 5 mM MgSO 4 . All in vitro and cellular studies were performed in clear bottom black 96-well plates that were purchased from Becton Dickinson and Company (Franklin Lakes, NJ). Spectramax Gemini (Molecular Devices) or IVIS Spectrum camera (PerkinElmer) were used to measure the amount of BLI signal production.
Cellular Experiments. IVIS Spectrum Camera (PerkinElmer) was used for bioluminescent imaging in all cell experiments. SKOV-3-Luc-D3 cells (PerkinElmer) were cultured in McCoy's 5A modified media obtained from Life Technologies Corporation. MDA-MB-231-Luc-D3H2LN cells (PerkinElmer) were cultured in Minimum Essential α Medium (MEM) obtained from Life Technologies Corporation. Both of the media solutions contained 10% FBS, 1% GlutaMAX and 1% penicillin/streptomycin mixture. Cells were passed and plated (1 × 10 PBS, followed by incubation for 5 min with 100 μL solution of Dcysteine or L-cysteine in PBS (150, 15, or 1.5 μM) or PBS alone (control). After a second addition of 100 μL solutions of OH-CBT, NH 2 -CBT, or D-luciferin in PBS (150, 15, or 1.5 μM), the cells were immediately placed in the IVIS Spectrum, and the plate was imaged for the duration of 1 h with one image acquired every minute. Observed BLI signal was quantified using region-of-interest (ROI) analysis available on Living Image software (PerkinElmer).
Bioluminescent Caspase-3 Assay with DEVD-(D-Cys) Peptide and Amino-CBT. Caspase-3 was purified and characterized following the reported procedure (kindly provided by Dr. Salvesen at Stanford University, CA). 111 Different concentration solutions of caspase-3 (50, 100, and 200 nM) were prepared in caspase buffer (100 mM HEPES pH 7.4, 0.1% (w/v) CHAPS, 1 mM EDTA, 10 mM DTT, 1% (w/v) sucrose) and were aliquoted in a 96 well-plate (50 μL caspase-3 solution/well). The plate was incubated at 37°C for 15 min in order to preactivate the caspase. Followed preactivation, 50 μL of a 800 μM DEVD-(D-Cys) solution or 50 μL of a 800 μM D-Cys solution in caspase buffer was added in each well and the plate was incubated at 37°C for 3 h. After the incubation, 100 μL of a 400 μM solution of NH 2 -CBT in MeOH was added to each well and the plate was incubated for another 1 h at 37°C. Luciferase buffer (60 μg mL −1 luciferase in 0.1 M Tris-HCl, 2 mM ATP, 5 mM MgSO 4 ) was freshly prepared and aliquoted in a second 96-well plate (115 μL/well). Five μL of the resulting caspase-3 containing solutions was quickly added to luciferase buffer immediately before reading bioluminescence emission using a Spectramax M5 (Molecular Devices). Bioluminescence signal from the plate was measured every 5 min with 500 ms integration time for the duration of 2 h.
Animals. FVB-luc+ transgenic animals 72 (full abbreviation: FVBTg(CAG-luc,-GFP)L2G85Chco/J) mice were kindly provided by the laboratory of Prof. Christopher Contag at Stanford University, rederived at UC Davis, and bred at UC Berkeley. The breeding colony was housed in groups of 4−5 mice according to their age and gender with free access to food and water at 22°C with regular lightdark cycle. All studies were approved and performed according to the guidelines of the Animal Care and Use Committee of the University of California, Berkeley.
Animal Experiments in FVB-luc+ Mice. IVIS Spectrum Camera (PerkinElmer) was used for BLI imaging in all animal experiments, and the resulting data were processed using Living Image software (PerkinElmer). All solutions were prepared in sterile DMSO obtained from Sigma-Aldrich and PBS purchased from Life Technologies Corporation. Prior to injection and during the imaging procedure mice were anesthetized by inhalation of isoflurane (Phoenix), that was premixed with medical grade oxygen purchased from Praxair. To study split luciferin ligation reaction in living female FVB-luc+ mice, the animals were IP injected with either OH-CBT (5 mice per group); 
